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ABSTRACT 
Power assist devices help manual wheelchair users to propel their 
wheelchair thus increasing their independence and reducing the risk 
of upper limb injuries due to excessive use. These benefits can be 
invaluable for people that already have upper limb joint pain and 
reduced muscular strength. However, it is not clear if the way that 
assistance is provided by such devices is what manual wheelchair 
users need and expect. 12 manual wheelchair users were 
interviewed to understand: the situations in which they find it 
difficult to propel their wheelchairs; situations they considered 
paramount to have power assistance; their experience or knowledge 
of power assist devices; and likes and dislikes of commercially 
available power assist devices. Finally, they were asked to 
comment on their ideal form factor of a power assist device. Users 
have suggested improvements of the devices’ accessibility and 
visualized new ways in which they could interact with the 
technology. These interactions involve “chairable” devices 
independent from, but not excluding, wearable devices and mobile 
applications. We have identified the need of monitoring emotions 
and the need for designing an open source do-it-yourself wheelchair 
propelling assistance device which we believe is required equally 
in developed and in developing countries. 
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1. INTRODUCTION 
The World Health Organization estimates that there are 70 million 
people that need a wheelchair worldwide and only 5% to 15% have 
access to one [57]. There are around 1.2 million wheelchair users 
in the United Kingdom [56]. A wheelchair user is a person that uses 
a wheelchair for personal mobility due to difficulty in walking or 
moving around as a result of different neuromusculoskeletal 
impairments [58]. Manual wheelchair users often injure their upper 
limbs due to continuous and excessive use. The incidence of 
shoulder pain is reported to range from 42% [13] to 66% [17], with 
the most commonly reported injury occurring to the rotator cuff 
muscles [1]. Bilateral carpal tunnel syndrome is also a common side 
effect of handrim manual wheelchair propulsion [6]. Those injuries 
can be prevented by reducing the frequency of wheelchair use, 
reducing the weight of both the wheelchair and the wheelchair user 
and adding a power assist system [31]. Injuries are thought to arise 
in part to the cyclical nature of the wheelchair push cycle [39, 47]. 
They are exasperated by the low gross mechanical efficiency of 
wheelchair pushing - only 10% of effort goes directly into making 
a person and the wheelchair move forwards [14] and this is when 
pushing along flat, smooth surfaces such as a hospital floor. On 
more challenging surfaces, such as ramps, side slopes and rough or 
loose surfaces (e.g. gravel) the push forces required are much 
higher [24], which increases the risk of injury. 
There is broad agreement in the literature that using an electric 
motor to augment a manual wheelchair user’s power, has multiple 
benefits. It reduces metabolic demand [2, 12, 22, 43], increases 
mechanical efficiency of manual wheelchair propulsion [5, 44], 
helps decrease repetitive strain injuries [11, 30-33, 36] and enables 
users to propel their wheelchairs for longer, farther [35]. In 
addition, people travel through places they never travelled with a 
conventional manual wheelchair [3, 34]. A power assist device 
attaches to a manual wheelchair to help the user propel the 
wheelchair. Power assist devices are typically installed in front, 
behind or replace the wheels hub. It is not a device that converts the 
manual wheelchair into a joystick controlled electric or power 
wheelchair. 
We present the findings from the exploratory stage of a new project. 
The aim is to set the requirements of future manual wheelchair 
propelling assistive technology. In later work these shall be 
designed. The contributions of this paper include: (1) a review of 
previous work on power assist devices for self-propelled manual 
wheelchairs, (2) an examination of the current market of power-
assist devices from a user and human computer interaction (HCI) 
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perspective; (3) similarities between form factors of ideal power 
assist devices and (4) the identification of opportunities to improve 
the usability, interaction and user experience with power assist 
devices for manual wheelchair users. 
2. RELATED WORK 
Only three studies have explored the perceptions of pushrim 
activated power assistance by manual wheelchair users [18, 20, 26]. 
They each assess a different power-assist device: e-motion by Alber 
[54], Servomatic by Meyra GmbH [41] and one undisclosed device 
[26]. They found that 5 out of 12 users had a positive experience 
with power assist. In other study [18], users indicated that although 
the addition of power assist enabled them to have access to new 
activities, greater social life and less fatigue, the devices were still 
cumbersome, prohibitive in public transport and had battery 
problems. Guillon, Van-Hecke [20] found lower user satisfaction 
for e-motion in contrast with using a manual wheelchair and 
Servomatic. User satisfaction was also low for power assist devices 
during indoor use and while performing car transfers. 
Only one study assessed three power-assist devices in terms of their 
performance against the standards of the American National 
Standards Institute and the Rehabilitation Engineering and 
Assistive Technology Society of North America available in the 
year 2008 [29]. These standards assess the safety, durability and 
efficacy of wheelchairs by testing: static and dynamic stability, 
braking effectiveness, maximum speed, maximum acceleration, 
maximum retardation, energy consumption, statics strength, impact 
strength and fatigue strength. The study was completed as power-
assist wheels are an addition to the wheelchair frame and as such 
they must not adversely affect the safety, durability and 
effectiveness of the manual wheelchair. Through fatigue tests they 
found that the e-motion had the least estimated life years (1.3-2.3) 
in comparison with the Xtender (3-5). The e-motion was found to 
have “extraordinary” rates of failure, most of them related to the 
design of the device (weight, size, location within the wheelchair) 
[29]. Despite these failures the e-motion wheels are still a popular 
choice for manual wheelchair users in the UK. 
Although a geared fully mechanical wheelchair wheel exists, it only 
has two gears which require undesirable sustained user’s effort and 
greater time when ascending ramps [25]. The concept of a fully 
mechanical assistance device is desirable but it requires 
improvements in order to be able to compare against powered assist 
devices. 
In conclusion, there has been limited work conducted in the area of 
power assist devices for self-propelled manual wheelchairs. In 
terms of interaction and overall user experience the handful of 
studies which have been conducted have all found failings in the 
current product range. 
3. POWER ASSIST DEVICES OFFERED 
We focused on the power assist devices that are available in the UK 
market. There are six popular power assist devices commercially 
available in the UK, all with price tags over £4k ($4.9k). Images of 
these devices can be seen in the supplementary information. These 
vary in the method they attach to a manual wheelchair. There are 
three attachment methods: (1) anchor to the frame of the wheelchair 
behind and below the seat, (2) replaces rear wheels and (3) anchors 
to the wheelchair frame below and in front of the seat converting 
the wheelchair into a tricycle. The SmartDrive [38] is the only one 
that attaches to the frame using method (1). The Twion [54], e-
motion [54], WheelDrive [52] and Xtender [53] attach to the 
wheelchair using method (2). Batec handbike [7] is an example of 
attachment method (3). The devices also differ regarding their 
weight, their color, their modes of operation and accessibility 
features (Table 1). The SmartDrive and Pushtracker were recently 
released (December 2016), which promise to enable a better user 
experience through an updated wristband and a mobile application. 
The expected user ability also varies among devices. All devices 
require good upper body stability and coordination of arm strength 
(apart from e-motion wheels). Any user with little residual or 
reduced upper limb strength can use all devices excluding the 
Twion wheels. Users with unequal arm strength can use all devices 
with exception of the Twion wheels and the WheelDrive. 
Regarding appearance, greys and blacks predominate. SmartDrive 
is black including its wristband. Twion wheels is offered in light 
grey with dark grey details. The Batec hybrid handbikes have 
hardware in black as standard with colorful frame options: red, 
orange, blue, green, light grey or pink. 
Although power assist devices have been available in the market 
for some time, it is unknown how the users perceive these devices 
and if the current interaction with the user is what users expect and 
need. 
4. PROCEDURE 
Twelve manual wheelchair users, with different ranges of 
experience in using power assist devices, were interviewed 
individually for an average of 1.5 hours each using an in-depth, 
semi-structured method [8]. Users were recruited through a 
website, posters and the UK National Health Service wheelchair 
services. Eight were interviewed in person and four by telephone. 
A synthesis of the interview questions is: 
a) When propelling your wheelchair, what issues do you 
have and what is your greatest need? 
b) What type of journeys do you find difficult and why? 
c) Which power assist devices do you know and which have 
you used before or use currently? 
d) What do you think of power assist devices? 
e) Under what conditions do you need power assistance? 
f) How would you like power assist devices to work and 
what do you think they should look like? 
g) Would you like the power assist device to give you 
information and if so, in which form and what? 
h) Can you please describe your dream power assist device? 
Questions were adapted depending on the experience of 
participants with power-assist devices. Interviews were transcribed 
and analyzed by the first author. An inductive approach was used, 
where the data was used to form codes and themes. Data was 
analyzed using thematic analysis akin to the approach by Braun and 
Clarke [8]. Themes and concepts were developed in order to 
interpret data; and to identify key concepts and relationships 
between them. Transcripts were analyzed iteratively until no new 
concepts emerged (saturation) [55]. A discussion and review of the 
themes was done with the second author. Thematic analysis was 
used as it enabled the creation of rich descriptions of the needs, 
expectations and form factors and to identify implicit and explicit 
ideas within the data, such as social and functional accessibility. 
 
Table 1. Characteristics of power assist devices available in the market. 
Device Weight (Kg) Accessibility features 
SmartDrive 
MX2+ with 
PushTracker 
6.1 
Wrist band: senses movement, digital display of number of pushes and controls the device through inertial 
gestures. Mobile application to track push count, distance and time during assistance and no assistance modes. 
LEDs for battery status. Double tap on handrim and single tap activate specific responses from the motor. 
Double tap: start up or ramp up speed if already moving or slow down if already moving. Single tap: coast at 
current speed. Rollback prevention. Modifiable tap sensitivity, top speed and acceleration. 
Twion 
wheels  
6.3 
each 
wheel 
Handrim activated. Mobile application: track distance, battery status, speed, altitude, use GPS of mobile for 
visualizing journeys and remote control of unoccupied wheelchair. LEDs for battery status. Reverse 
assistance. 
e-motion 
wheels  
10 each 
wheel 
Handrim activated. Wireless hand held control with a digital screen and buttons for adjusting device settings. 
LEDs for battery status. Rollback delay. Left/right power adjustment to different arm strengths. 
WheelDrive  
11.5 
each 
wheel 
Double hand rims. Outer rim assists while the inner rim provides continues drive. LEDs for battery status. 
Three levels of power assistance: low, medium and high. Reverse assistance. Battery can be detached for 
travel. 
Xtender  17 Handrim activated. LEDs for battery status. Rollback prevention, downhill speed control and one arm drive possible. 
Batec 
hybrid 
handbikes  
29 Digital display panel and button controls. LEDs for battery status. Manual, hybrid or fully powered propelling assistance. 
 
Table 2 Participant’s characteristics. 
User Age (years) 
Time using a 
manual wheelchair 
(years) 
Power assist device use experience Disability 
U1 24 8.5 e-motion user for 2.5 years Spinal cord injury (SCI), tetraplegia 
U2 29 3.75 
Batec hybrid handbike for 2.5 years, 
e-motion for 0.5 years 
SCI, level C6 
U3 37 1.16 Tested e-motion wheels and SmartDrive MX2 in a mobility shop 
Spina bifida meningocele and hydrocephalus with 
SCI level C4/C5 and syringomyelia with SCI 
between T1 and T10. 
U4 43 23 Tested SmartDrive M1 and emotion for a few hours SCI, level L1 
U5 69 0.75 Tested similar to Batec handbike for a few hours in a hospital Spinal stroke, T11 
U6 48 32 None Spina bifida with carpal tunnel syndrome on both wrists for last 3 years 
U7 44 11 e-motion for 11 years and M1 SmartDrive for a few hours SCI, level C5/C6 complete 
U8 21 16 e-motion for 3 years Cerebral palsy 
U9 59 2.5 e-motion for 3.5 years Multiple sclerosis 
U10 55 53 None Post poliomyelitis syndrome 
U11 36 32 None Spina bifida, paralysis from waist down 
U12 53 1.16 Tested e-motion wheels for a few hours in a hospital SCI, level C3/C4 motor incomplete 
 
5. FINDINGS 
Although participants were of different ages, had different levels of 
experience using power assist devices and had different disabilities, 
there was a strong agreement in their responses regarding daily 
struggles using a wheelchair. We present these barriers as physical 
and non-physical. The individual form factors of an ideal power 
assist device showed similarities and offered an insight into 
individual preferences that could become ubiquitous forms of 
interaction with power assist devices. Differences in opinions were 
more evident regarding the way in which they wanted to interact or 
not interact with the assistance device. 
5.1 Physical barriers 
Physical barriers were identified in relation to the built 
environment, wheelchair propelling skills, non wheelchair users, 
weather, and the length of a journey in distance. Users had different 
strengths in their arms, thus the difficult situations they faced were 
at different levels and in different priorities. Challenging situations 
related to the UK built environment are: up and down level changes 
(curbs), negotiating rough surfaces (with gravel, cracks, gaps, 
broken pavement, cobble stones, thick carpets, park grass that 
hasn’t been cut), potholes, door thresholds, side slopes, ascending 
steep inclines like ramps including those used in buses and trains 
(due to the need of power) and descending inclines. For example, 
U6 said “on thick carpets you feel that you are sinking down and 
you have to do a special effort to move the chair”. 
Wheelchair skills that users found difficult are stopping suddenly 
and reversing. Regarding the length of their journey, wheeling long 
distances is difficult for every manual wheelchair user, regardless 
of the smoothness of the surfaces and the strength of their arms. 
Other people become a barrier when travelling through a crowd and 
having people crashing into their wheelchair accidentally. For 
instance, U4 pointed out “it is not about the device, it is about how 
the world works and how unpredictable situations can be”. 
Weather poses challenges in autumn when surfaces become 
slippery with wet tree leaves or when surfaces are difficult due to 
dry tree leaves accumulation. Winter snow and frost were least 
mentioned. U3 said “if it is wet it is horrible, I try not to go out if it 
is raining as it is difficult to get traction”. 
5.2 Non-physical barriers 
Non physical barriers were identified as lack of awareness, 
incorrect understanding, lack of interest and the experience of 
emotion and it consequences. 
The majority of users showed a lack of awareness of current 
technology available in the market and this added to the sometimes 
incorrect understanding of what the devices did. Similarly, lack of 
interest in understanding power assist devices was observed,  
signaling: a lack of interest in preventing repetitive strain injury as 
getting older, a lack of awareness of repetitive strain injury and a 
lack of awareness that handrim wheelchair propulsion is inefficient. 
Users that are interested in power assist devices appear to rely 
strongly on the experience and knowledge of other manual 
wheelchair users regarding wheelchair technology. For instance, 
U8 confessed to having thought that the assistance device would 
allow him to get fitter and then progressively he would have been 
able to return to use a manual wheelchair without assistance. 
The experience of emotion is an additional barrier that manifests 
itself as physical pain. Stress and anxiety commonly cause shoulder 
pain which affects the user’s ability to propel their wheelchair.U6 
said “at the moment my shoulders are quite sore but that is because 
of stress with the current season (Christmas), starting a new job, 
and setting up at a new desk”. 
All users agree that the cost of the technology is too high. 
5.3 In which situations do users need power 
assist? 
Most of the situations identified were to compensate for the barriers 
of the built environment. Adding power assistance is needed not 
only to wheel for longer distances and for a longer time; but also to 
be able to hold the weight of the user and the wheelchair down a 
slope for safety. Particular situations are: ascending (add power) 
and descending (rollback prevention) inclines, travel across side 
slopes, to complete an emergency stop (especially when the user 
has reduced arm strength and coordination), and rough terrain as 
mentioned in the previous section. Power assistance is also needed 
at the end of the day when tiredness is experienced. U4 said: “I 
struggle with having to propel my wheelchair for long distances. 
After 2 hours you can notice aches and pains”. 
5.4 Social accessibility 
Assistive technology that has a socially accessible design is a tool 
that conveys both ability and social identity. Social discourse is 
facilitated when the user’s identity is not only functionally but also 
socially supported; acting as complementary dimensions [48]. This 
concept is supported by the users since they like power assist 
devices that conceal their function by integrating themselves within 
the wheel hub; as in not modifying significantly the general 
accepted appearance of a manual wheelchair. Assist devices which 
are easy to install and charge are also seen as likable. Upon the 
discovery of mobile applications able to synchronize with power 
assist devices, users expressed interest and inquisitiveness but 
caution. U2 and U12 expressed the importance of stability of the 
wheelchair with the power assist installed and gave greater 
importance to it over appearance. U1 said: “I would have made 
them look nicer, closer to (what) a manual wheelchair looks like”. 
Other than the hybrid handbike, the color range of power assist 
devices are not an issue for users although one considered it either 
medical (grey) or “futuristic but old” like a “90’s PC” (U2). U3 said 
“the appearance of the e-motion is not best looking, it looks 
medical. I think they should be black. Being grey and white they 
look like a hospital. I think they should be able to come in any 
color”. 
5.5 Functional Accessibility 
The main objective of assistive technology is to maintain or 
improve functioning thereby facilitating well-being through 
independence, dignity and participation in society [57]. In this 
paper functional accessibility refers to the capacity of assistive 
technology to maintain or improve functioning of its user. 
Physical spaces are being modified or created in order to be 
accessible to wheelchairs, therefore users rightly point out that it is 
expected that chairable devices would not increase the width of 
their wheelchair to the extent that they can no longer travel through 
door thresholds or increase the weight of their wheelchair to the 
extent that they cannot propel the wheelchair with the device turned 
off. Power assist devices that have sensors installed on the handrims 
make these the weak and delicate feature of the wheelchair creating 
problems when someone handles the wheels from the handrim 
when boarding cars and airplanes. In general users are comfortable 
with the current battery duration and charging time required. 
Reported problems of batteries not lasting enough during the day 
are due users forgetting to charge the devices rather than a problem 
with the batteries themselves. However, some sealed batteries that 
cannot be separated from the hub of the wheels during air travel are 
not seen as practical. U4 said “the downside of e-motion is that 
when you are flying the fact that the batteries are in built (you 
cannot separate the battery from the wheels), some airlines have 
problems with the battery being inside the wheels”. 
Power assist devices designs that are installed at the hub require the 
owner not to lift the wheels from the handrim in order to avoid 
damaging the sensors. Users fear that even family members fail to 
remember not to handle the wheels through the handrim, let alone 
strangers that want to be helpful but end damaging the sensors. This 
highlights a major design problem, where the user was not taken 
into account. Regardless of how careful the users themselves are 
Floctric motor 
and transmission 
with handling their wheelchairs and power assist devices, the 
power-assist devices are often broken by other people moving and 
lifting their wheelchair e.g. in taxis, airports and restaurants. As U2 
said “no one wants to have to grip the wheels by the tire where it is 
dirty and rough”. 
The hybrid handbike user expressed disappointment due to the lack 
of assistance when moving the wheelchair in reverse and that 
sometimes the motor provides too much power (even at the lowest 
power setting) creating a loss of control. Although vibration is 
expected when traveling at higher speeds, the hybrid handbike user 
finds such vibration disorienting causing occasional crashes. U2 
said: “I think I can manoeuver the obstacle but then I can’t. The 
power is instant and is always there, even on the lowest setting, you 
can control the speed but it is not as fine as using your own hands.” 
Regarding the PushTracker’s option to track the number of pushes, 
U8 highlighted that the technology may affect self-esteem of 
manual wheelchair users if they start comparing their daily number 
of pushes while forgetting that everyone has different abilities. 
Comparing pushes among wheelchair users with different abilities 
is not only clinically invalid, but has potential for creating negative 
emotional responses when there is a significant difference in the 
number of pushes between wheelchair users. 
In general users are comfortable with receiving assistance to hold 
the wheelchair while going downhill (such as with the SmartDrive). 
5.6 Ideal form factors 
We gathered the personal ideal form factors of each user and found 
similarities and differences. Similarities focused on the form of the 
hardware used. Functional requirements, including interaction 
methods, where differences arose, have been adapted into a range 
of modular options for the ultimate power-assist device. In offering 
a range of functional options we aim to make the power assist 
device accessible to users with different abilities. What we are not 
attempting is to suggest an ideal form factor that fits every 
wheelchair and suits every user. 
5.6.1 Hardware 
The ideal power assist device would attach to the user’s most 
comfortable and favorite manual wheelchair regardless of the 
weight, size and type of rear wheels of the wheelchair. The power 
assist should be concealed by attaching it below the chair where it 
“clicks” into the axle powering the rear wheels through a 
mechanical transmission (Figure 1) just as electric bike motors. The 
feasibility of this design needs to be tested. Ideally, the battery also 
clicks below the seat where a concealed connection feeds the motor, 
a system similar to the battery of the WheelDrive. The battery can 
be a set of two installed below the seat on each side, but not on the 
back wheels, and these can be separated from the device for air 
travel. In this way, backup batteries can fit into a backpack, just like 
books. User U4 believes the ideal attachment weight would be 0.5 
Kg without batteries and 2 Kg with batteries, which may only be 
achieved if the battery is separated into various components of 
maximum 2Kg each. Reducing the weight of the device will ensure 
that wheelchair users who drive a car will be able to lift their 
wheelchair into their car without having to detach the ideal power 
assist device and without additional struggle since the added weight 
of the power assist device would not be significant. 
“At home, I could reverse the chair and click and it starts 
charging, then in the morning I just move forward unclick and 
go” - U3 
5.6.2 Functions 
All users expressed their desire to be able to control the amount of 
power the device provides, and this control should be through a 
concealed and easy to use interface “while on the go”. Most users 
suggested having as a minimum three different power settings; one 
user suggested having an unlimited choice of power through a 
sliding or rotating control (comparable to a volume control). User 
(U1) suggested a control system that could predict the risk of 
tipping in order to be able to use the wheelchair without anti-
tippers. Two other users also expressed a dislike for the appearance 
of the anti-tippers and their choice of not using them regardless of 
the risk of tipping over. User U2 suggested adding a downhill break 
feeding and charging the battery, to make it last longer. One user 
(U2) suggested an automatic change of power to the minimum level 
of assistance as soon as the battery reaches a certain low level, in 
order to enable the user to reach a charging point. This should be 
accompanied by a timely notification to the user. The way 
notifications are desired is covered in the next section. Users 
indicated that it is better to have an optional reverse downhill and 
forward downhill slow down settings (activated by the user rather 
than an automated feature), especially when using public transport 
ramps. 
Users also agree that the use of a power assist devices should be 
intuitive rather than requiring the users to learn to use a wheelchair 
like they have never used one before. U1 said “I would like them to 
work closer to what a manual wheelchair is like” and U4 said “a 
power assist device needs to feel part of the wheelchair rather than 
being something unpredictable”. 
U6 was interested in the device being able to remember the easy 
and the difficult journeys, a feature which is possible with current 
technology [21]. 
 
Figure 1 Sketch of power assist electric motor and 
transmission feeding the rear wheels through the axel. One 
battery on each side to distribute weight, only right battery 
visible on sketch. Also an alternative battery status indication 
unit, when the user cannot turn around to read LEDs on the 
back wheels hub or behind the chair, the unit is attachable to 
any part of the wheelchair frame. 
 
5.6.3 Interactions 
Eleven users were comfortable with the idea of interacting with the 
device through a mobile application. However, they stressed the 
importance of having the flexibility of not having to access a mobile 
device to setup and use the device, but having the opportunity to do 
Tapping 
handrail Manual 
wheelchair 
hybrid 
handbike 
Wristband 
Battery 10% 
so. Thus the use of smartphones was perceived as inaccessible for 
some manual wheelchair users. U5 said “I am not sure I want 
anything that operates with my mobile phone, unless I have a third 
hand” in contrast with U8 that said “like my phone recognizes my 
voice, I would like to be able to speak to my mobile phone or 
directly to my power assist in order to change settings on the go”. 
One user suggested using a portable Raspberry Pi computer [45] 
with a small interface that could be attached to any part of the 
wheelchair frame to control the device without the need of a 
smartphone (U4). This additional interface could look like and be 
installed just as the battery status indication unit in Figure 1. U6 
suggested tactile buttons below the seat, accessible in between the 
knees for quick and easy power and speed settings control and 
on/off choice. Thus, users appear to prefer both a primary and 
secondary ways of controlling and setting up their ideal power 
assist devices, where one of those ways does not require them to 
have and use a smartphone with an application. 
 “I would like some sort of touch identification, or recognize the 
person sitting on the wheelchair. Identifying me and then 
automatically activating my preferred settings” - U8 
Most users are interested in being able to track wheelchair pushes 
and have a mild interest in being able to set a fitness program 
(desired pushes per day). U3 said “I would also like the device to 
help me remain fit, be able to tell the device how many pushes I 
want to do, to not get lazy. Being able to set up a program”. U4 
suggested being able to monitor the correlation between the number 
of pushes and shoulder pain, in order to receive a notification before 
becoming too tired and getting pain. This could be possible with a 
learning algorithm. U4 said “maybe I can have an app on my 
mobile and after I have used the device at the end of the day I can 
indicate to the app how much pain I had that day”. Similarly, we 
identified an interest in knowing the amount of effort they put in 
versus the work done by the power assist device. 
Regarding data, users would like to be able to fully customize 
notifications, warnings and reports in order to suit their interests, 
including having the option to turn off all notifications. Data they 
indicated an interest in are: time and distance travelled, number of 
pushes, power provided by the device, battery status in percentage 
or LEDs or a coating or thin film installed on one handrim that 
changes color according to battery level (Figure 1), distance and 
time that can be travelled with the current battery, heart rate, 
calories consumption and global positioning system tracking not 
relying on a smartphone. U8 indicated that the power assist device 
could include GPS and keep track of the location of the user in order 
to provide suitable weather forecast and transport information, not 
only during the morning when starting the day but also throughout 
the day. U10 and U12 were interested in being able to record a 
journey and then indicate to a mobile app synchronized with the 
power assist the destination (user input), they then expected  
confirmation or rejection of the proposed journey depending on the 
battery status (sufficient or not to complete a single or return  
journey; and recommended charging time required if rejected). 
Optional detailed reports on effort, journeys and comparisons 
would also be interesting. Most users indicated that they would like 
to have more information regarding the battery status, such as a 
percentage in addition to the LEDs. One user (U7) would like the 
device to be able to identify the propulsion pattern [50] and notify 
if the incorrect one is being used. Current technology can identify 
propulsion patterns [23]. 
The handrim tapping gesture sensed by the wristband (Table 1) 
available with the PushTracker of the SmartDrive MX2 is a HCI 
feature that was thought provoking. Suggested improvements to the 
PushTracker were the addition of gestures (up and down movement 
with palm facing down and frozen wrist) and voice notifications 
from the device to the user. 
 
Figure 2 Sketch of tapping gesture on the handrail of a hybrid 
handbike being detected through a wrist worn device. 
 
 
Figure 3 Sketch of battery indication option when user cannot 
turn around to read LEDs on the back wheels hub or behind 
the chair, thin LED film covering the handrim changes color 
according to battery status. Suggested by U8. 
 
U10 and U12 suggested being able to interact with a handbike 
through a wrist band, just as the SmartDrive does with the 
PushTracker. U10 suggested the gesture of tapping on the handrail 
of the handbike to increase/decrease the power when negotiating 
inclines – wearing a wristband for detection (Figure 2). The 
suggestion of providing a smartphone docking area between the 
handles of the handbike was appealing to most users, given the ease 
of access to on-screen interaction possibilities such as: battery 
status, changing power assistance, switching between manual and 
hybrid modes and also keeping track of their other applications 
such as social media. 
U8 also pointed out that there is generally the assumption that 
manual wheelchair users cannot move their legs, but with certain 
disabilities this is possible and in his case he considers possible and 
desirable to have the option to propel the wheelchair or control the 
power assist device through his legs and feet. 
 
5.7 Summary of findings 
 
Table 3. Summary of findings. 
Physical 
barriers 
built environment, wheelchair propelling 
skills, non wheelchair users, weather, and 
the length of a journey in distance 
Non physical 
barriers 
lack of awareness, incorrect understanding, 
lack of interest and the experience of 
emotion and it consequences 
Needs 
compensate for the barriers of the built 
environment, power assist devices that 
preserve socially and functionally 
accessible 
Expected 
Hardware 
concealed below the wheelchair, 
lightweight, attach to the user’s chosen 
manual wheelchair regardless of its weight, 
size and type of wheels, optional backup 
batteries 
Expected 
Functions 
control power like volume, tipping risk 
prediction, downhill break feeding battery, 
automatic low power set at low battery with 
notification to user, user selectable 
downhill and forward downhill resistance, 
intuitive, location and journey tracking 
with intelligent journey memory 
Expected 
Interactions 
mobile and no-mobile app control options, 
portable Pi computer attached to 
wheelchair frame, tactile buttons below the 
seat for speed, power and on/off control, 
track wheelchair pushes, distance travelled, 
set fitness program, pain tracking, statistics 
of user work versus power assist, 
customizable notifications, warnings and 
reports, battery status in percentage apart 
from LEDs or visually interactive on one 
handrim, smart weather forecast and 
transport information based on location, 
journey feasibility prediction based on 
battery status, propulsion patterns 
identification with notification to user, 
handrim tapping gestures 
 
6. DISCUSSION 
We interviewed manual wheelchair users with various levels of 
experience using power assist devices. To our knowledge, this is 
the first study exploring the user’s perceptions and expectations on 
power assist devices for UK users and the most recent after a 
previous study published in 2010 in which manual wheelchair users 
were interviewed after they used only the e-motion for 6 weeks 
[18]. The results of this study offers suggestions regarding different 
devices and interactions that could be prototyped and tested 
through participatory design workshops with manual wheelchair 
users. This study has shown that there is a general lack of awareness 
among users of the existing devices in the market and the literature 
that has tested and evaluated their designs and performance. 
Manual wheelchair users work very hard and for long periods of 
time in order to develop and acquire wheelchair skills that help 
them negotiate inaccessible built environments, which prevail [40, 
46]. During this process they also become so familiar with their 
wheelchair that it becomes part of them, as indicated by the users 
interviewed in this study. Users have stressed that an ideal power 
assist device would attach to their current and favorite manual 
wheelchair, preserving its current width, appearance and blend in 
with their wheelchair skills. Rather than forcing them to get a new 
wheelchair and learn to use it again. User’s experience with power 
assist devices have meant that they have had to learn to use the 
wheelchair in an entirely different way, like if they have never used 
it before, especially with the e-motion wheels. Most power assist 
devices claim to offer assistance during everyday tasks; but in 
reality they offer assistance under their own conditions, which are 
frequently not representative of daily situations faced by manual 
wheelchair users. 
The presentation of the outputs given to the users need to be 
improved, in particular outputs that do not require the user to take 
out a mobile and access an application. Alternatives to prevent the 
need of a “third hand” to handle a smartphone while propelling a 
wheelchair are needed. A possible chairable output and input 
device [10] we suggest is a thin flexible film LEDs or organic LED 
which combine touch sensitivity with luminosity [37], which could 
be attached to the wheelchair frame. Even greater interaction 
possibilities are possible as the assist devices are already detecting 
force which could be displayed to users to indicate effort or be used 
to activate/deactivate features. Another chairable device that power 
assist devices require is miniaturized network of sensors that should 
be able to sense the environment, for instance to identify the 
roughness of the surface travelled and be aware of people and other 
wheelchairs (to prevent unplanned collisions). 
The results show that most users wish to maintain the social 
accessibility [48] of the wheelchair by preferring power assist 
devices that have minimal impact on the generally accepted 
appearance of the manual wheelchair. Evidently, there are users 
that give priority to functional accessibility over social 
accessibility, as seen in this study. Existing technology in power 
assisted bicycles could serve as a reference in order to create a 
power assist device capable of rotating the wheels through the axle 
and adding regenerative braking [19]. The alternative of propelling 
the wheelchair through the residual strength of the lower limbs is 
also possible [51]. Although some people and demographics (e.g. 
young adults) have suggested chairables, such as the LEDs on the 
handrim and clearly find these socially acceptable, these 
suggestions may not be the case for everyone [49]. Generally, 
personalization is an important factor in acceptability and one 
which requires further investigation. 
The lack of will or motivation is a non physical barrier for 
wheelchair users that has been identified before [40]. Affective 
disorders (anxiety, depression, etc.) can cause muscular and joint 
pain and lack of attention to their immediate environment, which 
consequently can reduce the manual wheelchair propelling ability. 
Affective disorders can also cause apathy and carelessness which 
can put at risk the maintenance of the assistive technology. For 
instance, although there is no technical problem with the battery of 
power assistive devices, some users forget to charge the device 
overnight or not take care of delicate parts as they would when 
feeling positive and motivated. The technology to monitor the 
sympathetic nervous system and identify stress, arousal, 
engagement and excitement already exists [15]. We believe that 
power assist devices could be more responsive to the mental and 
physical status of the user and provide assistance not only based on 
requested power, surface roughness travelled, heart rate and fitness 
level but also based on the current affective disorders. 
Seven interviews were performed before the announcement of the 
MX2+ and PushTracker on December 2016. It incorporates some 
of the most interactive features ever seen in power assist devices 
such as a wrist worn device that works as a Fitbit [16] but modified 
in order to measure wheelchair pushes and other mobility actions. 
These are similar to the latest Apple Watch Series 2 [4] but with the 
advantage of being less power hungry. The MX2+ can also 
synchronize with a mobile application in order to track mobility 
activity over time. However, since the release of the PushTracker, 
users have had problems regarding the battery consumption of the 
PushTracker wristband (battery lasts 3 hours only) and with the 
Bluetooth connectivity from the PushTracker with the SmartDrive 
(extending the arm wearing the wristband, 10 to 15 cm away from 
the wheelchair cuts connectivity and the SmartDrive turns off) [42]. 
Therefore, the promised user interaction features are not living up 
to the expectation due to battery and Bluetooth connectivity issues 
caused under the normal shoulder range of motion. These could 
potentially have been mitigated by more of a participatory design 
approach to the technology, including user behavioral analysis. The 
SmartDrive MX2 and PushTracker has been released in the UK 
since March 2017, where possible, we recommend a detailed user 
study of this device. 
Generally, user behavior analysis with biomechanics and 
participatory design would enable the identification of current or 
new ways in which the users interact with the technology. These 
should take account of cultural factors. For example, European 
wheelchair users use public transport (buses, trains, metro) more 
frequently than cars, whereas areas of the USA would have high 
car usage. Therefore assuming wheelchair users in Europe 
frequently ascend multiple ramps and make longer journeys to get 
to and from the public transport options, they may have a greater 
need for power-assist and are at greater risk of shoulder. Thus, the 
results of this study should be interpreted in the context of a public-
transport centric city. 
There are still HCI features that could be improved upon and other 
major design features which require a rather urgent redesigns 
(delicate handrims, hub-installed power assist devices, and heavy 
hardware). Recent technology could enable the distribution of the 
battery “body” by dividing it into smaller cells and allocating it 
along unobvious surfaces of the wheelchair, for instance, below the 
seat [28]. Some wheelchair users, when pushing the handrim, may 
push off the wheel rather than parallel and forward to the 
wheelchair due to reduced muscular force control. In these cases, 
gestures read by a wristband will need to offer alternative 
calibration for those gestures that the user is capable of performing. 
Similarly, people with a SCI very often have a combination of 
muscular weakness, spasms and lack of feeling, which may 
interfere with articulating inputs through a wristband. Learnings 
from this study are transferable to other assistive technology. For 
instance, reducing the weight of any chairable device but also 
accounting for the need of robustness and personalization. 
Beyond the individual form factors presented in this study, we 
believe that an ideal power assist device would affordable and 
consist in a mechanism that can be installed below the wheelchair 
seat or behind it or in front of the wheelchair mounted on a 
handbike. With traditional tools and 3D printers, manual 
wheelchair users should have access to well explained, open source 
DIY alternative attachments that they could produce as they are or 
modify them to their needs. This information could be readily 
available through DIY online communities such as Instructables, 
Thingverse and other online blogs [27]. Low cost solutions have 
been developed for interacting with wheelchairs [9] but we could 
not find anyone designing a propelling assistance device that can 
be either fully mechanical or powered, that can keep its production 
costs low, be reparable by the owner, adaptable to individual needs 
and preserve the socially accepted appearance of the wheelchair. A 
high quality, low cost propelling assistance device would not only 
enable a greater number of wheelchair users in developed countries 
to increase their independence, but also those users in in-
development countries. 
7. CONCLUSION AND FUTURE WORK 
In this study we have explored the physical and non-physical 
barriers that manual wheelchair users face when propelling their 
wheelchair. We have also identified specific situations in which 
users consider power assistance paramount and the social and 
functional accessibility of the power assist devices currently 
available in the UK market. We discussed similarities found among 
form factors of 12 individual ideal power assist devices. We have 
described a system that is installed below the seat of the wheelchair 
and that enables the detachment of batteries. We have also gathered 
previous literature and users experiences regarding the methods of 
attachment of power assist devices and found evidence that 
strongly points out that power assist devices installed at the hub of 
the wheels suffer from fatigue failure, are too heavy and fragile for 
daily use. We encourage power assist designers and manual 
wheelchair users to give preference to devices that are either 
installed behind, below or in front of the wheelchair. 
We present opportunities to design outputs for users of power assist 
devices and improvements to be made to the current user interfaces 
such as implementing hand gestures with existing wristbands. Most 
users are comfortable with wearing a wrist band to control the 
device and interact with mobile applications. But chairable input 
and output devices that allow users to control the wheelchair power 
assist device without the need of a mobile phone or a wearable 
device are required. Power assist devices that enable interactions 
through mobile phones and wrist worn devices are starting to 
appear in the market however they require improvements in terms 
of battery capacity and Bluetooth connectivity. 
Our suggestions included the identification of a great opportunity 
in improving the interaction with the user by monitoring emotions 
and by providing interactive visual outputs while propelling the 
wheelchair. We also suggest the need for the design of two open 
source wheelchair propelling assistance devices that could 
empower manual wheelchair users by being do-it-yourself: a fully 
mechanical version and a powered version. 
Future work should consider the role of caregivers/support workers 
which push and pull wheelchairs and that could benefit from using 
power assist devices to make their caring work easier. In addition, 
a field test of the latest monitoring devices and HCI inputs should 
be investigated. A core design challenge in the future will be in 
reducing device weight, which we believe can be achieved using 
novel power methods and these should be investigated; in particular 
those which offer modular power options. 
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Table 1. Images of six power assist devices available in the market. 
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